Abstract: In this paper, an isolator-free unidirectional multiwavelength Tm-doped fiber laser is experimentally investigated. The isolator-free unidirectional operation of the laser is realized by the construction of a type of theta cavity. A single-mode-multimode-singlemode fiber structure served as a multimode interference filter is employed for implementing multiwavelength operation. Wavelength numbers from one to three can be obtained by increasing the pump power and properly adjusting the polarization controller. Besides the single wavelength emission at ∼2002.6 nm, dual-wavelength operations (∼1952.6 nm, ∼1954.7 and ∼1954.8 nm, ∼2002.7 nm) with signal-to-noise ratios larger than ∼46 dB and three-wavelength operation (∼1952.8, ∼1954.5, and ∼2002.9 nm) with signal-to-noise ratios larger than ∼50 dB have also been obtained, respectively. The maximum output power of ∼545 mW was obtained at pump power of ∼7.3 W, when the laser operates at threewavelength oscillation and the slope efficiency is ∼10%. Our demonstrated fiber laser source represents a type of all-fiberized solution for the realization of high-power, unidirectional and controllable multiwavelength operations, simultaneously.
Isolator-Free Unidirectional

Introduction
Multi-Wavelength fiber lasers with potential applications in wavelength-division-multiplexed (WDM) systems, optical microwave photonic systems, and fiber sensors have attracted considerable interests in the past decades [1] - [3] . Due to the characteristic absorption lines of greenhouse gas molecules and the atmospheric transmission window in 2 μm spectrum region, multi-wavelength Tm-doped fiber (TDF) lasers have many advantages in gas sensing systems and free-space optical communications [4] . Till now, many techniques have been proposed and employed in TDF lasers to generate multi-wavelength lasing, such as highly nonlinear fiber [5] , nonlinear polarization rotation and four wave mixing [6] , Sagnac loop filter [7] , volume Bragg grating [8] , fiber grating [9] , all-fiber Mach-Zehnder interferometer [10] , multimode interference (MMI) filter [11] , etc. Recently, the self-imaging effect of MMI in the single-mode multimode single-mode (SMS) fiber structure has been used for multi-wavelength operation in TDF laser. Compared with other mentioned techniques, SMS fiber structure exhibits the advantages of simple structure, low cost and wavelength tunability (by controlling the length of multimode fiber). Zhao et al. reported a switchable multi-wavelength TDF laser with SMS fiber structure [12] . Similar structure has also been employed by Zhang and the co-workers. By adjusting the polarization controller (PC) and rotating the multimode fiber in SMS fiber structure, tunable multi-wavelength laser emission has been obtained [13] . Cascaded SMS fiber structures to implement dual-wavelength operation in a fiber laser above 2 μm have also been reported by Fu and the co-workers [14] . However, we noted that all the previously reported multi-wavelength TDF lasers based on SMS fiber structure are constructed by a standard ring cavity, in which an isolator is typically needed. Meanwhile, the SMS fiber structure has large transmission loss (> ∼3 dB) at laser wavelengths and a low level of output power (several milliwatts) can only be achieved. Usually, the commercial optical isolator in 2 μm region typically has a specified bandwidth of only a few tens of nanometers and requires a high price.
Moreover, although the isolator can be fiber-pigtailed in fabrication for the conveniences in application, it contains actually several free-space components in the closed metal enclosure. Thus, even the fiber isolator is not strictly an all-fiberized device and has a larger insert loss. Alternatively, the isolator-free, unidirectional fiber theta cavity is a cost-effective and attractive solution for these issues. The first TDF laser with fiber theta cavity was reported by Kharitonov and Bre's [15] , and a Q-switched TDF laser was reported by Chernysheva and the co-workers with similar cavity configuration [16] .
In this paper, we employ a single-mode-multimode-single-mode fiber structure as a MMI filter and meanwhile construct a fiber theta cavity to implement unidirectional and multi-wavelength operations in a double-clad all-fiberized TDF laser. One to three wavelength emissions with separation up to 50 nm have been achieved. Due to the absence of the optical isolator, the fiber laser can oscillate unidirectionally in the whole gain region of TDF in theory. With the maximum output power of ∼545 mW at three-wavelength operation, the proposed fiber laser, to the best of our knowledge, delivers the highest output power at the moment from SMS fiber structure based multi-wavelength TDF lasers.
Experimental Setup
The experiment layout of the TDF laser is shown in Fig. 1 . A 105/125 fiber-pigtailed 793 nm multimode laser diode (LD) with maximum output power of ∼12 W is used for pumping the single mode double-clad Tm-doped fiber (DC-TDF) with a length of ∼1 m through a (2 + 1) ×1 pump/signal combiner. The DC-TDF has a core diameter of 10 μm and inner cladding diameter of 130 μm, the core and cladding numerical apertures (NAs) are 0.15 and 0.46, respectively. The cladding absorption at 793 nm is ∼3 dB/m and the unabsorbed pump light is effectively stripped by a selfmade cladding-power-stripper (CPS). Two optical couplers with coupling ratios of 90/10 and 95/5 are used to construct the theta configuration, which have three and four ports, respectively. The 90% port of coupler 1 is connected with one port of coupler 2 to achieve S-shaped feedback. The left 95% port of coupler 2 is used for laser output. The SMS fiber structure employed in the experiment is composed of a piece of ∼191 mm multimode fiber (MMF, AFS105/125Y) splicing with single-mode fiber (SMF-28) at both ends. A fiber-based polarization controller (PC) is used in the cavity to provide the capability of switching the lasing wavelengths' polarization state, which triggered the polarization dependent loss in the cavity. The spectra were detected by an optical spectrum analyzer (OSA, YOKOGAWA, AQ6375) with resolution of ∼0.05 nm. 
Mechanism of Unidirectional Operation of the Theta Cavity and Transmission Property of the SMS Structure
The unidirectional operation mechanism of the fiber theta oscillator can be understood as following. In Fig. 1 , the dashed boxes in left and right are considered as a power dependent gain G(P) and a lump loss block L, respectively, where P is the input signal power. The cross-coupling ratios of coupler 1 and coupler 2 are assumed as α and β, respectively. Laser propagating in counterclockwise (ADCBA, c.c. direction) at the n-th round trip is defined as P 1,n , and clockwise (ABCDA, c. direction) is P 2,n . As the same of the model in [15] , P 2,n is partially redirected toward the c.c. direction by the S-shaped feedback, following two possible paths (ABEDCB, ABCDEB), thereby at n th+1 round trip, the signals P 1,n+1 and P 2,n+1 can be expressed as [15] :
(1)
In the steady regime, we can get that P 1, n+1 = P 1,n = P 1 and P 2,n+1 = P 2,n = P 2 . Meanwhile, the amplifying medium is typically saturated at the steady state, which indicates that G(P 1 ) = G(P 2 ). Substituted these into (1) and (2), and P 2 = 0 is obtained, which means the c. direction component is completely suppressed for any coupler ratios of α and β, and the unidirectional laser operation is implemented.
The SMS fiber structure consists of an input SMF, a sandwich MMF section and an output SMF, in which the self-imaging effect of MMI in MMF has been studied extensively. Under an assumption of ideal axis-alignment, only LP 0m modes can be excited when the single-mode light is launched into MMF through the input SMF. When the light reaches the interface between MMF and output SMF, it will be coupled to the core and cladding modes of output SMF and only the core mode is survived, cladding modes will be leaked out eventually [17] .
In our experiment, a piece of ∼191.5 mm MMF is employed in the SMS fiber structure. The transmission spectrum is measured with a supercontinuum source (NKT Photonics, SuperK Compact). Fig. 2(a) and (b) show the schematic diagram of transmission spectrum measurement and the output transmission spectrum, respectively. At first, we splice SMF1 and SMF2 directly, and record the output spectrum as A at a fixed output power of suprcontinuum source. Then, a piece of ∼191 mm multi-mode fiber (MMF) is spliced between the SMF1 and SMF2 and the output spectrum is recorded as B at the same output power of the suprcontinuum source. Thus the transmission spectrum of the SMS fiber structure can be obtained by subtracting A with B. The minimum transmission loss of ∼0.2 dB appears at ∼2002 nm and ∼2085 nm. However, the wavelength of ∼2085 nm is almost out of the gain region of TDF. Another transmission peak with transmission loss of ∼3 dB is observed from ∼1952 nm to ∼1955 nm.
Experimental Results and Analysis
The pump threshold of the TDF laser is ∼1.45 W, and the output spectrum is shown in Fig. 3 . Single wavelength emission at ∼2002.6 nm with 3 dB bandwidth of ∼0.2 nm was obtained at first. By increasing the pump power and adjusting the PC properly, two and three-wavelength operations can be implemented. Figs. 4(a) and 5(a) show the typical output spectra of dualwavelength operation at pump power of ∼2.78 W and ∼3.02 W, respectively. Dual wavelengths oscillating simultaneously at ∼1954.8 nm and ∼2002.7 nm are shown in Fig. 4(a) . The corresponding signal-to-noise ratios (SNRs) and 3 dB bandwidths are ∼46 dB, ∼48 dB and ∼0.06 nm, ∼0.14 nm, respectively. In Fig. 5(a) , dual-wavelength operates at ∼1952.6 nm and ∼1954.7 nm with 3 dB bandwidth of ∼0.18 nm and ∼0.2 nm, respectively. The SNRs at both wavelengths reach over ∼50 dB. The stabilities of both dual-wavelength operations were investigated, and the output spectra were monitored for an hour with time interval of 10 minutes, as shown in Figs. 4(b) and Fig. 5(b) . Figs. 4(c) and 5(c) illustrate the peak power fluctuation characteristics with each wavelength, indicating that the variations of all the wavelengths are less than ±1 dB. The maximum output power of ∼61.5 mW is obtained at pump power of ∼2.78 W, when the laser oscillates at ∼1954.8 nm and ∼2002.7 nm simultaneously, as shown in Fig. 4(d) . The slope efficiency is ∼5.8%. The individual output powers corresponding to the two wavelengths are ∼12.3 mW and ∼49.2 mW, respectively by integrating their spectra separately. The evolution of output power of dual-wavelength operation at ∼1952.6 nm and ∼1954.7 nm is plotted in Fig. 5(d) . The output efficiency and maximum output power are ∼6.2% and ∼80.4 mW, respectively. The corresponding individual output powers of ∼29.9 mW and ∼50.5 mW are calculated at pump power of ∼3.02 W. Further increasing the pump power, three-wavelength operation will be observed.
With proper manipulation of the PC, three-wavelength operation of the fiber laser was initiated at pump power of ∼1.88 W, and the spectrum is shown in Fig. 6(a) . Fig. 6(b) gives the output spectrum of three-wavelength operations at pump power of ∼7.3 W. Three wavelengths operate at ∼1952.8 nm, ∼1954.5 nm, and ∼2002.9 nm with 3 dB bandwidth of ∼0.3 nm, ∼0.2 nm, and ∼0.06 nm respectively, and no significant variation was observed in wavelength and 3 dB bandwidth with increasing the pump power. At pump power of ∼7.3 W, the SNRs of three wavelengths are larger than 50 dB. Also, the spectral stability of the three-wavelength operation at pump power of ∼7.3 W was measured for an hour, as shown in Fig. 7 . Fig. 8(a) plots the peak power fluctuations for each wavelength within 1 hour, of which the fluctuation at ∼1952.8 nm, ∼1954.5 nm, and ∼2002.9 nm are less than ±1.3 dB, ±0.6 dB, and ±0.4 dB, respectively. We noted that the peak power fluctuation can reach as high as ∼2 dB, which may be resulted by: 1) In our cavity, due to the S-shaped feedback, the light will be separated into two branches with the paths of BEDCB and BCDEB, and then make an interference at the coupler 2, as described in [16] . Therefore, a nonlinear optical loop mirror (NOLM) is formed, of which the transmission is polarization sensitive. Any environmental disturbance may lead the weak variation of the polarization state and thus the cavity loss, 2) In the experiment, the used 793 nm pump source are not stable enough, which may lead to the output power fluctuation. Properly fixed the fibers on the experiment platform will help for alleviating the disturbance of the environment and a more stable pump source is necessary to further improve the stability of the laser. The evolution of output power of the three-wavelength operation as an enhancement of pump power from ∼1.88 W to ∼7.3 W is plotted in Fig. 8(b) . The output power increases monotonously with the pump power, and the maximum output power of ∼545 mW with the corresponding individual output powers of ∼29 mW, ∼50 mW and ∼466 mW, respectively is obtained at pump power of ∼7.3 W. To avoid the damage of the optical components, higher pump power is not used in our experiment. The output slope efficiency is about ∼10%. In consideration of the gain fiber used in our experiment is only ∼1 m and the cladding absorption at 793 nm is ∼3 dB/m, the slope efficiency could be improved by employing a longer TDF to increase the pump absorption.
Conclusion
An isolator-free unidirectional multi-wavelength double-clad TDF laser based on SMS fiber structure has been proposed and investigated. A fiber theta resonator is used for implementing the unidirectional operation without isolator, and a SMS fiber structure is used as a MMI filter for multiwavelength operation, which has a relatively low transmission loss of ∼3 dB at ∼1952 to 1955 nm, and ∼0.2 dB at ∼2002 nm, respectively. By increasing the pump power and properly adjusting the PC, stable dual-wavelength (∼1952.6 nm, ∼1954.7 nm and ∼1954.8 nm, ∼2002.7 nm) operation with SNRs larger than 46 dB and three-wavelength operation (∼1952.8 nm, ∼1954.5 nm, and ∼2002.9 nm) with SNRs larger than 50 dB are obtained, respectively. The three-wavelength operation has the maximum output of ∼545 mW at pump power of ∼7.3 W and output slope efficiency of ∼10%. Further improved the output efficiency would be realized by optimizing the TDF length.
